I. INTRODUCTION
Recently, laser-plasma accelerators as an alternative to the conventional particle accelerators, have attracted more attention due to the huge acceleration rate, and thus they are potential for making compact accelerators. [1] [2] [3] In the last decade, different mechanisms have been proposed to accelerate the charged particles via laser-plasma interactions. [4] [5] [6] [7] [8] [9] [10] Depending on the species of particles (electrons or ions), a static electric field (ion acceleration) or a running electric wave (electron acceleration) is used to accelerate the particles. The electron acceleration mechanism is based on the Wakefield regime in which the ponderomotive force of the laser pulse excites a plasma wave when the laser pulse propagates through the under-dense plasma. Under proper conditions, the ambient plasma electrons are trapped inside the electric field of the excited wave and accelerated to the relativistic energies. 11 In the well-known ion acceleration regimes such as the Target Normal Sheath Acceleration (TNSA), 12, 13 the Radiation Pressure Acceleration (RPA), [14] [15] [16] and the Coulomb Explosion, [17] [18] [19] an induced electrostatic field within the over-dense target, plays the main role in the acceleration process. Among the mentioned mechanisms, the RPA is promising approach to achieve the ion beams with ion energy in the range of GeV.
14 Based on this technique, due to pulse reflection from a dense plasma which has the density several times the critical density, the ponderomotive force of the laser pulse pushes the electrons forward leaving behind a positive ion space charge. When the target is sufficiently thin, the rear surface of the target (and sometimes entire target) begins to move, while the laser interacts with the target. When the target is pushed with the laser ponderomotive force (such as the circularly polarized laser pulse) without too much heating of electrons, ions in the target as a whole are trapped in an accelerating bucket with tight phase space circles and gain more energy and enter into the relativistic domain. 20 However, the presence of some instabilities such as Rayleigh-Taylor 21 and Weibel 22, 23 limit the maximum attainable ion energy during the RPA. To overcome these limitations, combinational regimes have been proposed. [24] [25] [26] [27] As shown theoretically, it is possible to generate the ion beams with ion energy in excess of tens and hundreds of GeV by combination of the RPA and the bubble regime driven by a single Super-Gaussian (SG) laser pulse in the under-dense plasma. [28] [29] [30] [31] The main idea in this method is injection of pre-accelerated ions inside the half-first period of the excited plasma wave in the under-dense plasma. By this way, the protons in the dense plasma, adhered to the under-dense plasma, are firstly pre-accelerated by the radiation pressure of an ultra-short Circular Polarized SG laser pulse. Once the laser pulse passes through the dense target and enters the under-dense plasma, the protons are trapped in the bubble structure driven by the SG laser pulse and stably re-accelerated. The two layered solid target, 32 an underdense plasma with a gradient density (to control phase velocity of Wakefield), 33, 34 and applying an ultra-intense Laguerre-Gaussian (LG) laser pulse, 35 can increase the efficiency of energy transferred to the injected protons in this regime. In this paper, a novel sequential acceleration scheme based on applying a positively chirped laser pulse has been proposed to improve the effectiveness of the acceleration a) vosough_phn@yahoo.com process. Based on this technique, a considerable difference in amplitude of the excited plasma wave in the under-dense plasma is observed for the positively chirped laser pulse than the un-chirped one. [36] [37] [38] This difference leads to increase of the energy of trapped ions in the wake, and hence, improvement of the quality of the injected bunch in the combinational radiation pressure and bubble regime. The simulation results show that protons of 14GeV are obtained in the combinational regime when using the SG positively Chirped Laser pulse with an intensity of I ¼ 2:14 Â 10 23 Wcm À2 . Compared with the Sequential Un-chirped laser pulse acceleration scheme, the combinational chirped Laser pulse scheme can accelerate protons to higher energy without using higher laser intensity.
II. SIMULATION MODE
In order to demonstrate the proposed scheme, a series of two-dimensional particle-in-cell (2D PIC) simulations have been carried out by the EPOCH code 39 to show the effect of pulse chirping on the evolutions of Wakefield amplitude. In these simulations, the Circularly Polarized (CP) laser pulse is temporally Gaussian and transversely fourth-order SuperGaussian (SG) that is frequency chirped as
Here, the electric field amplitude of the laser pulse is defined as E 0 , which is a constant value. The local frequency of the chirped pulse, the longitudinal pulse length, and the laser beam waist is denoted by x n ð Þ ¼ ð1 À bnÞ, r x , and r y , respectively. Here, b > 0(b < 0) indicates the dimensionless chirp parameter for the positively (negatively) chirped pulse and n ¼ xÀct ð Þx 0 c is the dimensionless retarded time in which c, x 0 , x, and t are the speed of light in vacuum, the local frequency in the center of the pulse, the spatial coordinate in the propagation axis direction, and the temporal coordinate, respectively. In this work the normalized laser amplitude of a 0 ¼ eE 0 m e cx 0 ¼ 316 is taken, which corresponds to the laser intensity of I ¼ 2:14 Â 10 23 Wcm À2 . The laser beam waist and the longitudinal pulse length are also set equal to r y ¼ 16lm and r x ¼ 10lm, respectively. The simulation box is 64 lmðxÞ Â 150 lmðyÞ that corresponds to a moving window 
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Phys. Plasmas 24, 103123 (2017) with 2000 Â 900 cells and there are 4 particles per cell. The left vacuum is 10 lm and the proton-rich micro-target with the density of 20n c is located in the region of 10 lm < x < 11:2 lm and À1:2 lm < y < 1:2 lm. The laser pulse enters the simulation box from the left boundary. The under-dense helium plasma (T e ¼ 0Þ is initially located in the region of 11:2 lm < x < 1600 lm and À75 lm < y < 75 lm with the density of n e ¼ 0:02n c . Here, n c ¼ 1:1Â10 21 cm À3 is the critical density for the laser pulse with the wave length of k L ¼ 1 lm.
III. RESULTS AND DISCUSSION
To show the effectiveness of the sequential acceleration scheme, the properties of the generated proton bunch from a dense micro-target during the pure RPA mechanism have been considered, first. In this regards, the 2D spatial distribution of the laser's electric field, E y , and the longitudinal electrostatic field, E x , during the time are presented in Figs. 1(a)-1(c) and Figs. 1(d)-1(f) , respectively. As it is obvious from these figures, the transverse size of the micro-target is much smaller than the laser focal spot and thus, the major part of the abaxial laser energy propagates along the edges to the rear side of the target [ Figs. 1(b) and 1(c) ], whereas the axial portion of the laser experiences much heavier reflection.
Accordingly, due to the pressure of the reflected light, the plasma electrons are compressed to a highly dense electron layer in the forward direction that leads to establishment of the longitudinal electrostatic field within the solid target [ Fig. 1(d) ]. However, due to wave front curvature at the target rear surface, the uniform spatial distribution of the electrostatic field turns to a spherical-like wave structure during the time [as seen in Figs. 1(e) and 1(f) ]. Moreover, the 1-D spatial distribution of the electrostatic field along the propagation axis [ Fig. 2(a) ] reveals that the wave interface effect causes the electrostatic field to take a dipole-like spatial distribution over the acceleration area, which decompresses the electron layer consequently spreading the protons density during the time as shown in Fig. 2(b) .
The energy spectrum of generated protons is presented in Fig. 3 . As seen, the proton energy spectrum tends to the Quasi-Maxwellian distribution function during the time (the green line in the inset of Fig. 3 ). In fact, the presence of the dipole-like field causes the protons to experience the acceleration and deceleration modes, successively, which redistribute the energy between particles and make the velocity distribution isotropic.
However, by inserting the under-dense plasma behind the dense micro-target, the accelerated protons via the RPA mechanism can be injected into the electric field of the produced bubble when the transmitted laser pulse propagates through the under-dense plasma. The simulation results of the sequential acceleration scheme have been shown in Fig. 4 . As it is obvious, the pre-accelerated protons (the brown line) can ride the plasma wake [ Fig. 4(a) ] staying in phase with the longitudinal electric field inside the wake (the red line) and gaining more energy than the pure RPA. In Fig. 4(b) , the energy spectrum of the trapped electrons inside the Wakefield during the sequential acceleration regime at t ¼ 610fs (purple curve) has FIG. 2. The 1D spatial distribution of: (a) the longitudinal electrostatic field and (b) the density of protons within the solid target at t ¼ 40fs-100fs. As is clear, the electrostatic field at the rear side of the target is turned into the dipole-like structure during the time and therefore caused to spread across the proton layer therefore degrading the RPA mechanism.
FIG. 3. The energy spectrum of generated protons when the laser is incident on the single dense micro-target at t ¼ 60fs and t ¼ 80 fs. The inset shows the energy spectrum of accelerated protons at t ¼ 610fs that indicates the spreading of the energy spectrum during the interaction time.
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Vosoughian et al. Phys. Plasmas 24, 103123 (2017) been compared with that of the pure RPA mechanism (the green line). It is found that the protons with maximum energy, about 3-fold higher than the pure RPA and also with lower energy spread, are produced during the acceleration process.
Motivated by the Wakefield electron acceleration, 40 the energy of trapped protons, inside the bubble in the sequential acceleration regime, can be improved by exciting the higher amplitude plasma wake. As it is demonstrated, 37 by locating the lower frequencies in front of the pulse, the plasma transparency decreased at the leading part of the pulse resulting in the excitation of a large density spike and also a stronger wake-field compared with the un-chirped laser pulse. The amplitude of the excited wake for different types of chirped laser pulse has been shown in Fig. 5(a) . The outcomes reveal that the wake's amplitude is increased when the positively chirped laser pulse with higher chirped parameter, b, propagates through the under-dens plasma. In order to show the effectiveness of the positively chirped laser pulse on the enhancement of protons energy in the sequential regime, the acceleration process has been shown in Fig. 5(b) by applying the positively chirped pulse with the chirp parameter of b ¼ þ0:8. As it is evident, the Wakefield's amplitude takes the amount of E x $ 1:4 Â 10 14 ðV=mÞ which is approximately 2-fold more than its value when the un-chirped laser pulse is used (E x $ 8 Â 10 13 ðV=mÞ). Therefore, it can be attributed to more effective energy exchange from the wake to the trapped protons. The energy of accelerated protons in the Positively Chirped Sequential (PCS) regime, at t ¼ 610fs, is shown in Fig. 4(b) by the black line. It is seen that the proton bunch with the maximum energy of about 14GeV produced in the PCS regime shows significant enhancement in the acceleration process.
To show the quality of the produced bunch in more detail, two dimensional spatial distributions of the trapped protons in the excited wave are presented in Fig. 6(a) for the Un-Chirped Sequential (UCS) regime and in Fig. 6(b) for the Positively Chirped Sequential (PCS) regime. As is clear, though the transverse divergence of the beam is increased during the PCS regime, the beam's longitudinal emittance is greatly improved in the case of the PCS regime.
The reason is that when the un-chirped laser pulse enters into the under-dense plasma, the bubble structure with an electron pillar on its axis emerges, as shown in Fig. 7(a) . The Here, E y and B z are the electric and magnetic fields, respectively. Therefore, due to the absence of the electron pillar in the case of the positively chirped laser pulse [ Fig. 7(b) ], the focusing force changes to defocusing force and therefore growing a divergence of the accelerated bunch.
IV. CONCLUSIONS
As the energy enhancement of accelerated protons in a combinational radiation pressure and bubble regime depends on the Wakefield amplitude, to produce higher energy particles in this regime, the plasma wake with the largest amplitude must be excited through the under-dense plasma. Since locating the lower frequencies in front of the pulse leads to decreasing the plasma transparency at the leading part of the pulse, therefore larger density spike and also a stronger wake-field are produced when the positively chirped pulse is used in the combinational regime. As a result, the efficiency of energy transferred to the injected protons is improved that leads to production of higher energy protons (14GeV) compared with the sequential scheme where the un-chirped laser pulse has been applied (6GeV). This difference in proton energy indicates that the positively chirped pulse could be introduced as an effective tool to control the quality of produced protons in a combinational radiation pressure and bubble regime.
